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ARSTRACT

A fast coincideat neutron counter using
liquid scintillators snd Qqaswma-ray/neutron
pulse-shape discrimination has been constructed
f5r the analysis of plutoniwn samples with un-
known self-multiplication and (a.n) production.
The counter was used to measure plutonium-bear-
ing materials that ccver a range of masses and
(a,a) reaction rates of importance to the safe-
guardg community. Measured values of the 140p,
effective mass differed, cn sverage. from their
declared values by 0.4% for plutonium oxides
and by -21.2% for metal and MgO-locaded samples.
Poorer results were obtained fo: materials with
large (a.,n) reaction rates and low self-multi-
plication such as plutonium ask &nd plutonium
fluoride.

I. INTRCDUCTION

For plutosium-bearing materiuls that under-
go (a,n) interactions, such aa oxides, metal
with oxide costings, salts, and residuss, the
pinsent gqeneration of thermel neutroa colnci-
dence cuunters often gives inaccurate essays.
This loaccuracy occure because thermal counters
now measure ounly two quant.tles, corresponding
to coincident and total neutrons, and cannot
uniquely specify the pluronjum mase for sampies
with unknown sslf-multiplication snd (a,n) reac-
tion rates. Fast neutrun colncidence counters
using liquic ot plastic scintillators | ave the
capability >f couuting more than two quantities
and can potentialiy assay these malerisalas. But
fast counters have seen limited applicatiocn be-
cause of the tensitivity of the s intillators to
gamma rays. (Currently a fg&sat neutron counter
using liquid <cintiilators and qamma-ray/neutron
pulse shape discrimisration (¢ being developed
and evaluated for tii@ nen- destructive assay of
impure plutonium materials. The counter can
detect triply coincident neutron events in addi
tion tn doubles rnd singles, but iz not limited
by the qgamma-ray responss of tha .cintillators
This type of counter may provide a direct solu-
tion to the measurement prolLlems associated with
self -multiplying, impure plutonium samples.

In this paper, the prototype fast neutron
counter and the data analysis employed for the
measurements will first be descrited. Then the
types of plutonium-bearing materiils that have
been measured with this counter aid the results
of these measurements will be dis:ussed. Last-
ly, some concluding cemarks on these results
and recommendutions for futurc :ounter design
will be given.

II. MEASUREMENT APPARATUS

The prototype fast neutron counter (Fig. 1)
consists of four 10.2-cm-diam 1y 10.2-cm-deep
NE-213 ocr BC-%501 liquid scinti.lator cells sur-
rounding a 12.7-cm-square samp. ¢ chamber. In
ons configuration, all Jour cells are at the
sam2 height and the chamber is 23.0 cm high. In
a second confiqguration, two of tne cells are po-
sitioned from 10.2 cm to 20.3 cm higher than the
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Fig. 1. Sample chamber and prototype fast neu
tron counter for plutonium analysis.



other two to desensitize the detector %o varia-
tions in sample fill height. The chamber height
then ranges from 38.2 to 48.3 cm. Lezd lining
of 2.5-cm thickness surrounds the chamber to at-
tenuate the gamma-ray flux from the samples.
The top and bottom of the chamber are lined
with 2.5 cm of nickel.

High-gain phototubes process signals from
the cells and direct them to pulse-shape dis-
criminators! that distinguish between neutrons
and gamma rays. The discriminators are current-
ly adjusted so that the absolute efficiency of
the counter is 4N t~ 8% fcr fission neutrons,
depending on the chamber configuration. The ab-
solute efficiency for counting 1l-MeV gamwna rays
is about 0.8% to 1.68. We measured gamma-cay
breakthrough, that is, the anumber of pulses from
a strictly gamma-ray source that are counted as
aeutroas. to be 1N at 20 000 gamma rays/s for
these discriminators. The threshold level in
the discriminators is adjusted so that pulses
with energies .ess than 60-keV gamma rays are
rejected. Total discriminsator processing time
for a single pulse is about 500 ns The coinci-
dence logic circuitry consists of conventional
fast timing modules and has a resolving time of
3O ns. Single, double, and triple coincidence
events are measured and a minicomputer analysis
of these data is used to obtain sample mass,
self-multiplication, and the ratio of (a,n) to
spontansous-fisgsion neutrons. The number of
gamma rays and accidental doubles are alsv meas-
ured bivt the gamma-ray information is not used
in the analysis.

III. DATA AMALYSIS PROCEDURE

The coincidence events must be corrected
for a number of effects before the sample
characteristics can be determined. Table I sum-
marises these corrections and their magnitudes.
For most samples, the corrections are small, on
the order of several percent. Ffor large sam-
ples, the subtraction of acclidental coincidences
is not negligible, but the ratic of acclidental
to real coincidences is still ) orders of magni-
tude less than for thermal neutron coincidence
counters. The sample (f{ll-height cutrection
and the normalization correction for instrument
drift could he reduced in future fast counters
by using more detector cells and stabilizing the
photomulitiplier tube gain.

The multiple scattering correction ls im
poitant for samples with very high (a.n) yields
because the single neutron emisslion rate is high
compared to the doubles rate. Multiple scatter
ing of neutrons from one detector ro another can
then cause an appreciable enhancement {(n the
doubles rate. Corrections to “he count rates
warw computed from formulas based on an equation
Jiven by Murakami.? For this prototype detec
tor, the multiple scattering fractjon is rvoughly
IN to IV depending on the neution enetqy.

TABLE I

FAST NEUTROM COUMTER DATA CORRECTIONS
AND THEIR MAGNITUDES

Range of
Magnitude
Data Correction (»)

Background subtraction 0.1 to 1
Accidental coincidence subtraction 1 to 50
Deadtime correction 1l o 2
Sample fill-height correction 1 to 15
Normalization correction 1 to 10
Multiple scattering correcticn 1 to SO
Pileup correction 1 to 50

The pileup correction is larqge for highly
multiplyiny metal buttons where the neutron fis-
sion chains are long. Twenty to thirty prompt
and induced fission neutroas and gamma rays may
be emitted within a few nanoseconds in these
chains. [f two Or more neutrons o gamma rays
enter one scintillator, the plleud circuitry in
the pulse shape discriminator will reject the
event. This is an example of a ccunt-rate cor-
rection that is worse for s fast counter than
for a thermal counter because .he fission neu-
tsons and gamma raysc are so close together in
time., The correction factor invoives a summa-
tion over all orders of fission chains.

After applying corrections tn the data, the
three co. .t rates, S (singles), D (diubies), and
T (triples), are used to obtain the three un-
known parameters: effective 240p, mags. m; the
ratio of (a.n) to spontanevus-‘igsion neutrons,
a) end salf-multiplicaticn, M. This procedure
requirel an (terative solution of tue following
three esquatlionst

m o« D/KME (1 + 2,10 (M - 1)(L » )] , (1)
(1L + a) v« rg S/KMm (2)
and
MY o [-1.822 ¢ 04739701 « @) |ME
¢ [0.822 - 0 1215t - 0.41%4/(1 + a) M
¢ (0.123%C . 0. 058%¢ /(1 4w a)] -0, V)
wheie K < linear calibratlion constant.

vty o [)() (1 ‘ln) ’5(),
t - T/Dty, any
ty o Tnlno.



Use of a nonmultiplying sample provides the ref-
erence values ag. Sg. Dg, and Tp. Equation (1)
for m and Eq. (3) for M are derived from K.
Bohnel's equations for the reduced moments of
the neutrono multiplicity distribution.?

17, PLUTOMIUM SAMPLES

Plutonium-bearing materials that represent
a range of (a.,n) yields and plutonium mass of
interest to the safeguards establishment were
selected for measurement. Samples of plutoscium
metal, oxide, fluoride. ash. and impure oxiie
with high-MgO content were measured in quanti-
ties ranging from 1 to 150 g of 240py, The ma-
terial was contained in 0.16-cm-thick steel
cans, which were positiored on a pedestal 6.0
to 10.0 cm above the chamber floor depending on
the configuration. Table II lists the tLypes and
quantities of materials measured.

v. MEASURIMENT RESULTS

values for the 240py effective mass were
determined using a single-pcint, straight-line
calibration and 1 000-s counting times. Ta-
“le 111 shows the results of the Adata analysis
for plutonium oxide samples along with previous-
ly ascertained values o7 a, M, and m (detar-
mined by calorimetry and Monte Carlo methods)
and the percent difference between the measured

TABLE II

MATERIALS USED IN TEE PAST NEUTROM
COUNTER ANALYSIS

240p, Mass

Total Pu
Material (q) {q)

Pu oxide 2 - 150 20 - 880
Pu oxide with MgO
(450-600 g of MgO) 7 - 15 120 - 240
Purly 1 - 18 S0 - 300
Pu metal 34 - 116 %85 - 1200
Pu ash 7 - 29 .

and declared mass values. Table IV presents
thess same quantities for the measurements of
impure oxides (containing MgO), metal, ash, and
Pufq samples. The percent difference between
the measured and previously determined mass val-
ues averaged 0.4% z 3.1\ for the oxide samples
and -2% 2 10N for the impure oxide and metal
samples.

TARLE III

FAST WEUTRON COUNTER MEASURKMENT (MEAY) RESULTS AND DECLARED (DRCL) VALUES
OF a, M, AND m FOR PLUTONIUM OQXIDE SAMPLES
(The percent differeace between the measured and declared mass values
is given in the last column,)

Declared
Plutonium Declared Declared m
Type 1 M (g)
Oxide 0.60 2.0
0.60 7.4
0.60 14.8
0.60 29.7
0.61 1.046 431.4
0.59 1.0%86 65.0
0.60 1.061 81.4
0.60 1.061 8l1.4
0.40 1.018 10.1
0.40 1.018 10.1
0.40 1.018 29.3
0.40 1.054 54.4
0.40 1.054 54.4
0.40 1.0%9 6%.2
0.41 1.07 92.2
0.41 1.071 92.2
0.40 1.07% 104.8
0.40 1.0688 144.5
0.40 1.090 149.2

240m 240m
Meas MEAS LECL
Meas Meas m 240m
Q M (q) DECH
0.84 0.992 1.9 -3.0
0.79 0.9v4 7.1 -3.9
0.717 1.009 15.5 4.4
0.76 1.022 310.5 2.8
0.77 1.0319 42.7 -1.5
0.73 1.034 65.3 20,4
0.7) 1.043 79.9 1.y
0.6¢ 1.058 83.6 2,17
0.39 0.99) 9.9 1.5
0.38 0.992 10.9% 4.4
0.39 1.004 29.7 o1,
0.42 1.319 53.1 2.1}
0.42 1.017 53.5% 1.6
0,40 1.0268 84.5 1.0
.46 1.0136 ul.% H,1
0,40 1.042 96.0 ed 1
0.4) 1.042 102.7 1.4
0.40 1.048 142.8 1.2
0.18 1.008 1%7.% )



TABLE IV

PAST NEUTEON COINWTYER RESULTS AND DECLARED VALUES OF a, M, AMD »
POR IMPURE OKIDE, METAL. ASH. AND PuFf, SAMPLES
(The percent differeace between the measured
and declared mags values is given in the last column.)

Declared
Plutonium Declared Declared n
Type a M (q)
Impure 4.75% 1.019 7.7
Oxide 2.78 1.034 15.3
2.78 1.034 15.3
Metal >0 - 345
0 1.480 57.7
0 1.960 115.6
Ash - - 10.8
- - 20.3
- - 16.9
- - 18.2
Puf, ~100 - 3.0
~100 - 18,0

240 240,
Meas MEAS DECL
Meas Maas m 240
a M (q) DECL
5.11 0.994 7.2 -6.5
2.93 1.002 16.0 +4.3
2.98 1.010 16.3 +6.3
0.73 1.217 27 .4 -20.6
-0.01 1.517 58.% v1.6
0.14 2.000 117.4 +1.6
1.6 0.999 13.6 *26
7.4 1.018 22.1 +8.9
5.02 1.023 27.2 +61
7.7 1.019 23.0 +26
102 1.011 3.0% -
23 1.008 66.4 +370

?Mass was assumed to be 3.0 g for instrument calibration.

Measured valuesg for the self-multiplication
and (a,n) ratio were not determined as accu-
rately as sample mass. The values for M - 1,
which is related t2 the fission probability,
typically differed by 50N from values obtained
by Monte Carlo calculations. Measured values
for 1 + a, the total sample neut.on yield, gen-
erally differed by 10% from known values. Not
included in the averages above are measuremeats
of the ash and Pufy ramples, which did not give
correct assays. The multiple scattering correc-
tion is not yet sulficiently understood tc¢ assay
samples with such high (a,n) yields.

The accuracy of the measurements is depict-
ed in Fig. 2, which grapha the percont mass dif-
ference ar a function of 2%0pu mass for onide.
metal, and impure oxide samples. ‘al es for Lie
ash and Pufy samples are not shown because thay
do not conform to rhs scale of tne grara. The
graph indicates that more than 80N of these
moasured mass values fall within £5% of their
calorimetrir values. For samples with less
than 15 g of 240p,, there is a trend toward
slightly larqger percent differences.

Meajuremant recigion is shown in Flig. )
as a function of 240pu erfective mass with sam-
ples categorized according to their a ratio.
The figure indjcates the loss of precision that
necurs with increases in a and also reveals the
decreased measuremont rceproducibility for low.
mass samples brcause of their reduced count
rates, Reducad reproducibllity also accounts

for the slightly higher percent mass difference
ratios for the low-mas- samples seen in Fig. 2.
The relative standard deviation (RSD) for all
samples with masses .ie=s than 12 g was 8.2%;
while for samples with mass greater than 15 g,
the RSD was 1.6N. Figure 3 also indicates that
the RSD increases for large metal samples,
(@ = 0) after a minimum at about 70 g. This
may be due to pulse pileup at the higher count-
ing rates for these samples. The results can
be compared to those found by Krick and Swan-
sen'5 wvho have developed a novel thermal neu-
tron counter using multiple 3He detectors and
shift-register coincidence circuitry. The com-
parison indlicates that, for samples with small
amounts of 440p,, the thermal counter prodices
more precise measurements than the fast counter
described here. This occurs because of the
greater absolute efficiency of the thermal
counter. However, for larger mass values the
thermal counter has poorer reproducibility for
some materials because of uncertainties in un
folding data from the many JHe tubes at highet
count rates.

VI. CONCLUSIONS

The goal of A fast neutron counter is to
correctly determine the plutonium content of
any sample without prior knowledge of its self
multiplication or (a,n) rate. The presant pro
totype meets this goal to within 5V for many
in-plant materials contalning more than 15 g of
240py.  rFor materlials with high (a,n) yialds and
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low self-multiplication such as plutonium-bear-
ing ash or PuFy, however, the sample masses
measured to date are in error by 10% to 50% or
more. This is probably du. to the large and in-
completely understood pileup and multiple scat-
terirg correctiona,

To incraase the accuracy of the fast neu-
tron counter for in plant materials, improve.
ments are neaded in several areas. The counter
design can he improved by adding more detect rs
to flatten the vertical efficlency profile and
reduce the pileup correction, Messuremants with
a variety of (a,n) sources are needed to bhetter
derecrmine the wmu.viple scattering fraction as a
function of neutron eneryy. The detectior design

ltse)f siiould attempt to make the neutron detec
tion efficiency and multiple scattering fraction
independent of neutron energy. Gain stahilizs.
tion circulery Is needed to provide 1oy rarm
stability and to bring the assay accuracy for
pure samples close to 1N,

We are encouraged by the regults obtained
with the prototype far' neutron counter, but the
above -mentioned improverents are needed to e
valop a aecond, hetter prototype. Altarnative
techniques for neutron detection and/or muir|
plicity analysis should also be pursued so tha
the ultimate qgoal of an accurate, matiix -insen
sitive safeguarcds inst:ument can he cealized,
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